SUPPLEMENTARY METHODS

Exhaustive enumeration of words over the IUPAC alphabet
Algorithm
In alignment-free mode, words with a length between kmin and kmax that occur in a promoter sequence (including its reverse complement) of a gene family are exhaustively spelled in the IUPAC alphabet using a generalized suffix tree (GST). For example, the GST in Fig. 1 represents three sequences. For simplicity, the reverse complement of the sequences is not represented in this example. Each substring contained by any of the sequences is 'spelled out' along a path that originates from the root of the tree. A bitvector at each node of the GST represents the sequences that contain the substring implied by the path from the root to that node, e.g., '101' denotes occurrences in sequences 1 and 3 but not in sequence 2.
To enumerate all words that exist in the sequences, we rely on a modified version of the algorithm by Marsan and Sagot (2000) , similar to what is used in the Mosdi tool (Marschall and Rahmann, 2009) . A depth-first traversal of the GST is performed, examining a single word during each step. For example, assume the word RG is currently being processed (with R being the IUPAC character representing A or G). The algorithm will then have tracked paths AG and GG in the GST (green-colored nodes in Fig. 1 ). By taking the bitwise OR operation of the bitvectors contained by the respective nodes, i.e., '100' for AG and '011' for GG, it is immediately established that RG is contained by all three sequences. In later steps, longer words that have RG as a prefix are considered. Words of length 3 that will be considered are the words RGA, RGG, RGR and RGN. Note that e.g. RGC is never considered as no such path exists in the GST. Consequently, words that contain RGC as a prefix are also never considered. This branchand-bound condition significantly reduces the number of words to be considered compared to exhaustively scoring all possible existing words over the IUPAC alphabet.
The search space can be further restricted if a certain word is found to be conserved with a BLS lower than the lowest BLS threshold used. In that case, the word does not need to be extended as such 'extended' words will have at most an equal BLS. For example, the word AG occurs only in sequence 1 (BLS = 0%). Therefore, there no need to visit e.g. AGA or AGAT.
Note that the GST can be truncated at a depth of kmax and contains only ACGT characters. To limit the memory requirements, words over the IUPAC alphabet are encoded using four bits per character.
Complexity and runtime
Given lmin, lmax and emax, an upper bound to the number of motifs considered in this algorithm is given by
where d is the number of degenerate characters in the alphabet, i.e., d = 1 when using the ACGT+N alphabet, d = 7 when using the restricted IUPAC alphabet ACGT+RYSWKM+N and d = 11 for the full IUPAC alphabet. In reality, the number of words that is generated is lower because a) not all words exist in the input sequences and b) words with a too low BLS are never considered (see Suppl. Methods 1.1.1). Fig. 2 shows the cumulative number of words for a single gene family as a function of kmax and emax for the restricted IUPAC alphabet. Fig. 3 shows that the runtime is largely proportional to the number of words to enumerate. Interactive versions of these graphs are available online 1,2 . Fig. 3 . Runtime (ms) to generate all words in the restricted IUPAC alphabet (y-axis, log-scale) as a function of kmax (x-axis) and emax (different curves) for 100 gene families. The solid lines indicate the average runtime over 100 gene families. Runs were performed on a single core of an Intel Core i7-4610M CPU @ 3.00 GHz. DNase I hypersensitive (DH) sites for rice were determined as follows. The reads from DNase-seq were downloaded from the Gene Expression Omnibus, accession number GSE26610 and were aligned to the rice genome (TIGR release 6.1) using BWA (Li and Durbin, 2009) . Only the reads that mapped to a unique position of the rice genome were used for further analysis. We used Fseq (Boyle et al., 2008) to identify DNase I hypersensitive (DH) sites with 200 bp bandwidth. To detect the false discovery rate (FDR) of identified DH sites, we randomly generated 10 data sets, each containing the same amount of reads as the data set from DNase-seq. The FDR was calculated as the ratio of the number of DH sites identified from random data sets and the number of DH sites obtained from DNase-seq. We set a cutoff in F-seq to ensure that the FDR < 0.05. The callus and seedling datasets were merged using the BEDTools mergeBed function. This ensured a global picture of chromatin accessibility in the rice genome.
Regions with transcription factor binding sites interred through protein-binding microarrays in rice and maize were delineated as follows. The PWMs for rice and maize were downloaded from the CIS-BP website version 1.01 (Weirauch et al., 2014) . Only TFs with a directly obtained PWM or the best inferred PWM were used. The PWMs were mapped to the 2kb upstream region of the rice and maize genome using Matrixscan (Thomas-Chollier et al., 2008) with a p-value cutoff of 1e-5.
The DH sites dataset and predicted transcription factor binding sites were formatted as BED files and the overlap with conserved motifs, also formatted as BED files, was determined using the BEDTools function intersectBed with -u parameter and the -f parameter set to 1. This means that a conserved motif region was considered to be in a DH site if it was completely overlapping with a DH site. The overlap analysis for the set of experimentally predicted transcription factor binding sites was performed in the same way with the exception that we now required that the experimentally predicted binding site was completely overlapping with a conserved motif region. The expected amount of conserved motifs in DH sites or overlapping with predicted transcription factor binding sites was determined by shuffling the conserved motif dataset 1000 times using shuffleBed with the -noOverlapping option enabled across the 2kb upstream regions. The overlap was determined for each shuffled file and the median number of conserved motifs over 1000 shuffled files was used as a measure for the expected presence of conserved motifs in DH sites or overlapping with predicted transcription factor binding sites. This estimation was used to calculate the fold enrichment, defined as the ratio between observed overlap and expected overlap by chance.
SUPPLEMENTARY RESULTS
Exhaustive motif discovery in four monocot species
BLSSpeller was run on this dataset using both the alignmentfree (AF) and the alignment-based (AB) discovery mode on the Amazon Web Services (Elastic MapReduce) cloud infrastructure using 20 nodes of the type m1.xlarge. On every node, 7 map tasks and 2 reduce tasks were run in parallel. The computational requirements are listed in Table 1 .
Estimation of the False Discovery Rate (FDR)
2.2.1 Limitations The false discovery rate (FDR) was estimated by the ratio of the number of motifs identified by BLSSpeller in the randomized dataset and a real dataset. However, it should be noted that both in the real and randomized dataset, correlations exist between motifs, i.e., for a given genome-wide conserved motif, many highly similar motifs (e.g., slightly more degenerate) that correspond to the same TF binding site also appear in the output. When assessing the FDR, we assume that the degree of correlation between motifs is comparable in real and randomized datasets.
Randomized datasets using higher-order Markov models
Randomized datasets were generated using RSAT (Thomas-Chollier et al., 2008) for a zeroth-, first-and second-order Markov model. Whereas as zeroth-order Markov model preserves only the relative mononucleotide (A, C, G, T) occurrences, a first-order Markov model preserves also relative dinucleotide composition. Similarly, a third-order Markov models preserves both mono-, di-as well as trinucleotide composition. FDR tabels are provided in Fig. 4 , 5 and 6. The use of higher-order Markov models results in an increased FDR, especially for relaxed settings of BLS, C and F thresholds. However, even for the second-order Markov model, the FDR for the datasets we used in the enrichment analysis is respectively 1.11% and 2.05%, which is still very low. The same remark holds for the motifs in the KN1 analysis.
2.2.3 False discovery rate as a function of motif length and degeneracy Additional FDR analysis can be performed as function of motif length k and degeneracy s. Here, s is defined as the total number of exact words that are implied by the degenerate word, i.e., s = 2 d 2 · 4 d 4 , where d2, and d4 denote the number of two-fold and four-fold degenerate characters in a word, respectively. Fig. 7 shows the number of motifs and FDR for C thres = 0.7, F thres = 20 and BLS ≥ 15% as a function of motif length k and degeneracy s. This illustrates that the FDR is under control for all lengths and degeneracies. An interactive version of this graph can be explored online 3 .
Comparison to Fastcompare
Fastcompare Tavazoie, 2005, 2007 ) is similar to BLSSpeller in that sense that it scores words (k-mers) that are conserved in homologous promoter sequences of related species, in an alignment-free and exhaustive manner. As opposed to BLSSpeller, Fastcompare is limited to pairwise comparisons between species and limited to the ACGT alphabet. Words are ranked according to the hypergeometric p-value given by
where s1 and s2 denote the number of gene families in which the word is present in the promoter region in the first and second species, respectively, F is the number of gene families in which the word is present in both first and second species and N denotes the total number of gene families. The p-value reflects the probability of observing conservation in at least i gene families by chance. We ran Fastcompare on three pairwise species combinations: Zea mays (zma) vs. Sorghum bicolor (sbi), Zea mays vs. Brachypodium distachyon (bdi) and Zea mays vs. Oryza sativa ssp. indica (osa). Each time, the input consists of all pairs of orthologous promoter sequences from both species, i.e., 26 366 for zma vs. sbi; 26 099 for zma vs. bdi; 24 966 for zma vs. osa. Fastcompare was run with k = 12 and produces as output a ranked list of motifs from which ga2ox1-like KN1 motifs were filtered. Motif variants that are conserved in at least one gene family are listed in Table 2 . Only few variants were conserved in more than one gene family, again illustrating the fact that degeneracy in the motif model is essential for a sensitive detection of motifs in diverged species. Most variants were found to be conserved in zma and sbi, the two most closely related species in the dataset. In total, over all species combinations, 36 unique maize genes were identified in which a ga2ox1-like KN1 motif was conserved, 10 of which overlap with the experimentally Fig. 4 . Number of genome-wide conserved motifs for both alignment-based and alignment-free discovery for different values of C thres and F thres and different subsets of the six BLS thresholds T i (T 1 = 15%, T 2 = 50%, T 3 = 60%, T 4 = 70%, T 5 = 90% and T 6 = 95%). Top number: real Monocot dataset; bottom number between brackets: random dataset generated using a zeroth-order Markov model (conservation of 1-mer frequencies). The colors represent the false discovery rate (see legend). 
FDR < 1% Fig. 5 . Number of genome-wide conserved motifs for both alignment-based and alignment-free discovery for different values of C thres and F thres and different subsets of the six BLS thresholds T i (T 1 = 15%, T 2 = 50%, T 3 = 60%, T 4 = 70%, T 5 = 90% and T 6 = 95%). Top number: real Monocot dataset; bottom number between brackets: random dataset generated using a first-order Markov model (conservation of 1-mer and 2-mer frequencies). The colors represent the false discovery rate (see legend).
Alignment-free discovery Alignment-based discovery BLS thresholds T i used BLS threshold T i used C thres F thres T 1 , . . . , T 6 T 4 , . . . , T 6 T 6 only C thres F thres T 1 , . . . , T 6 T 4 , . . . , T 6 T 6 only ≥ 0.5 Fig. 6 . Number of genome-wide conserved motifs for both alignment-based and alignment-free discovery for different values of C thres and F thres and different subsets of the six BLS thresholds T i (T 1 = 15%, T 2 = 50%, T 3 = 60%, T 4 = 70%, T 5 = 90% and T 6 = 95%). Top number: real Monocot dataset; bottom number between brackets: random dataset generated using a second-order Markov model (conservation of 1-mer, 2-mer and 3-mer frequencies). The colors represent the false discovery rate (see legend). . Conserved regions in the promoters of the genes in gene family iORTHO00001 corresponding to motifs instances with BLS ≥ 95%, F (95%) ≥ 50 and C(95%) ≥ 0.9, i.e., motifs conserved in all four species. The height of the bars corresponds to the number of distinct motif variants that map to that location. Note that the y-axis has been truncated at 10: certain loci in this gene family are covered with up to 568 distinct motif variants. 
